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A - area sq<,ft of edge of moving element
Cp - Skin friction coefficient
D - Drag force, lbs*
h •= Dynamic pressure, in n of alcohol
Ah - Pressure differential, leading and trailing edge
of test panel, in. of alcohol
K - K-box scale reading
L - Length in ft.
P = Barometric pressure, in, of hg„
A P-t - Pressure difference between test section and
outside air, in. of alcohol
q - Dynamic pressure, 1/2 f V , lbs/sq fto
R - Reynolds 1 number
S - Total surface area of test panels exposed to wind
flow, sq„fto
T - Absolute temperature, degrees Rankine
V - Velocity, ft/sec
^ - Density, slugs/cu.ft.
>U.
- Viscosity coefficient lbs-sec/sq ft




A new type of apparatus has been designed, con-
structed, and tested to measure skin friction forces
directly on surfaces of flat plates in wind tunnel air
flOWSo
The basic apparatus consists of a frame within which
two equal size test panels are suspended after being
attached to an inner core. The total surface area of
the two panels on which the skin friction forces are
measured is approximately 16 sq„ ft. The primary sus-
pension in the frame of the moving element (inner core
with test panels attached) consists of two parallel
lengths of piano wire Spacing between the frame and
test panels is less than 0,010 inches on each side,
o 002 inches at the front and 0.030 inches at the rear
The skin friction forces, which may range from 0,0
lbs„ to about 5»0 lbs are measured directly by means
of bar springs located in the apparatus and mounted as
cantilevers to which strain gages are attached.
An electrical warning system is incorporated to
detect any contact, with resultant sliding friction, of
the test panels with the frame.
Eight tests were made under varying flow conditions
to measure skin friction forces on the test panels with
different surface finishes.
This paper describes the design and construction
of this apparatus and the results of the test runs made.

VI
The experimentally measured skin friction co-
efficients show near agreement with the theoretical
results of von Karman. A brief qualitative analysis
of the discrepancy shows that von Karman T s coeffici-
ents are based on a flat plate with a Reynolds number
of zero at the leading edge, for any flow velocity,
with a resulting high local skin friction coefficient.
The apparatus tested, on the other hand, had sizeable
Reynolds' numbers at the leading edges of the test
panels with the flow velocities used. This resulted
in lower skin friction coefficients at the leading
edges of the test panels. These arguments lead to the
conclusion that von Karman T s theoretical turbulent
flow coefficients should be somewhat higher than the
coefficients obtained with this apparatus.

SCOPE OF THE PROBLEM
Since a classical, complete investigation of skin
friction would involve innumerable surface conditions
and materials, laminar flow, turbulent flow, transition
region change and other secondary parameters; the total
work and study would be beyond the scope of a Master *s
degree thesis
Therefore, the problem was narrowed and confined
to the following:
1„ Development and testing of an apparatus on which
many tests in a routine manner could be run because
such an apparatus does not exist at the present
time
2. Low speed flow up to ISO mph because the new wind
tunnel of the University of Minnesota cannot
operate beyond that speed.
3. Turbulent and transitional flow only, because the
major part of the airplane is washed by turbulent
flow and amount of laminar flow and transition
change depend on the geometric form of the aircraft
part
s
Laminar flow in wind tunnels is seldom en-
countered except in especially designed low turbu-
lence tunnelso
4« Aluminum sheet surface with differing surface pre-
paration because most modern operational aircraft
are constructed of smooth aluminum or Alclad sheet.
Everyday problems are met with this type of surface
o

5o A rough surface which would more or less represent
very dirty metal surfaces or ones on which the paint
had deterioratedo Painted surfaces were eliminated
because of the infinite variety of surfaces obtain-
able by different paints and the amount of service
and damage encountered.,
This limited scope of the problem still is of





A body moving through a real fluid is acted upon
by normal forces and tangential forces . The tangential
force, friction drag, is caused by the viscosity of the
fluid and by the condition of zero relative velocity be-
tween the fluid and the body at the surface of contact
The condition of no slippage at the surface of the body
together with the effects of viscosity causes a region
within the fluid in which the velocity varies from zero
at the surface of contact to the free stream value at some
distance from the surface* This region in which the
velocity of the fluid differs from that of the free stream
is called the boundary layer* Laminar boundary layers
s
turbulent boundary layers, and transitional phases involv-
ing a combination of the other two are encountered,
depending upon conditions affecting the flow» The skin
friction of a turbulent boundary layer is considerably
greater than that of a laminar layer,, An adverse pressure
gradient is conducive to the transition from laminar to
turbulent flow» Surface irregularities of sufficient
magnitude in a flow contribute to an earlier transit ion c
Laminar flows over a smooth flat plate have been
extensively investigated by Blasius°„ . The characteristics
of laminar flows are such that the laws governing them
are capable of being expressed analytically,.

The analytical treatment of turbulent boundary-
layers has not progressed to the extent of that of
laminar flowo It i s in the investigation of friction
due to turbulent flow that experimental techniques have
proven of great value and of considerable difficulty,,
The von Karman logarithmic law agrees with friction data
available over a considerable range of Reynolds ? numbers,.
The formula proposed by Schlicting is more convenient
for calculation purposes and is in close agreement with
that of von Karman«
The constantly increasing speeds at which aircraft
are being flown has refocused the attention of many
investigators on the problem of overcoming drago In
particular, much work has been done on wave drag and
induced drag These are consequentially better understood
both theoretically and experimentally than skin friction
drag*
In view of the difficulties encountered in the
theoretical approach to the study of the effects of the
boundary layer, particularly within the transitional
zone and after turbulent flow has developed, more work
is being done on devices to measure directly its effects
One such device is described by Dhawan « Tillman\ and
others have systematically investigated the effects of
protruberances and indentations on wing drago Modern
high speed aircraft construction techniques have largely
eliminated surface irregularities on the aircraft when it
comes off the production line» Unfortunately, the
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operational requirements of aircraft are such as to
soon remove this state of aerodynamic smoothness (smooth-
ness such that further finishing does not change the
friction drag) c Small surface irregularities such as
scratches, nicks, dirt and indentations soon occur G
Numerous measurements of the effects of surface
irregularities have shown that their presence or absence
is one of the most important variables affecting the
drag, Abbot and von Doenhoff3„ A large part of the
increase in drag associated with these irregularities
is caused by an earlier transition of the boundary layer,
yet substantial drag increments result from surface
roughness in the region of turbulent flow*
It has been shown by Loftin^ that small protru-
berances extending above the general surface level of
an otherwise satisfactory surface are more likely to
cause transition on otherwise aerodynamically smooth
surfaces.. Dust particles adhering to the oil left on
wings by finger prints may be expected to cause trans-
ition at high Reynolds f numbers
Several methods of measuring the effect of differing
surfaces on the magnitude of skin friction have been
proposedo Among the direct methods used are those of
Dhawan for measuring local skin friction coefficient
and that of Quinn° which makes use of the incremental




In principle, the method of direct force measure-
ment of skin friction drag is very simple » The friction-
al drag of the wind acting on a surface is measured by
a force sensing device and the results recorded,. In
practice, construction of direct measuring skin friction
apparatus involves the solution of several complicated
problems, one of which is the elimination of form drago
Close tolerances and alignment between the moving
element supporting the test panels and the surrounding
frame must be maintained in order to prevent appreciable
disturbance of the flow as it passes the test panels on
which the friction force is to be measuredo The friction
opposing the movement of the test panels must be mini-
mized. The supporting system is required to withstand
the pounding due to vibration of the tunnel and fluctu-
ations of airstream. A warning device is needed to
determine whether the supporting system is functioning
properly o Perhaps of greatest importance is the require-
ment that the force sensing device be sensitive,
accurate and stable© Previously developed equipment is
not suitable for measuring skin friction forces, direct-
ly, on large areas in the flow regimes encountered in
incompressible flow fields,,
To fulfill these requirements the apparatus des-





The arrangement of the inner and outer core of
the apparatus constructed to measure skin friction is
shown in Figure 1 together with the schematic diagram
of the test equipment,. Figures 1A and IB give further
details of the installation and tunnel arrangement
o
Figure 1C depicts the inner surface of the test panel
and outer skin together with the securing and adjusting
devices used in positioning them
The inner and outer core of the testing device were
constructed of 61-ST 6 cold rolled wrought aluminum
alloy of 0o5 inches thickness „ This was chosen on the
basis of availability, total apparatus thickness space,
strength and desirable machining characteristics Grooves
for pressure tap leads were machined into both faces of
the outer frame core together with the necessary cutouts
for the required suspension and adjusting devices
Slots and grooves were machined into the inner core in
order to permit attachment of the test panels o This
inner core was suspended by means of two parallel
piano wires 27.0 inches long and .037 inches in diameter,,
See Figure 1. These wires could be adjusted vertically
by means of the threaded bolt and follower arrangement <>
This vertical adjustment was included because of the
necessity of maintaining the small horizontal air gaps
between the test panels and the outer skin (0 o 010 inches)
,
The inner core was held fixed in the vertical plane by

means of eight roller bearings, acting against the
machined faces of set screws, (four to a sideK Drag
force was transmitted to the strain gage springs by a
machined pressure surface attached to an adjustable
bolt mounted in the trailing edge of the inner core<>
All points of contact between the inner and outer core,
the suspension wires, the side-play set screws and the
pressure surface, were designed and constructed so that
electrical isolation of the inner core was achievedo
This was accomplished so that any contact between the
test panels and outer skin could be detected » The
detection system consisted of an ohmmeter with one lead
connected electrically to the outer frame core; the
other lead connected to a leaf spring (0 o 005 inches
copper shimstock) attached to the outer frame core but
insulated from it, and in electrical contact with the
inner core Contact of the test panels with the outer
skin was indicated on the ohmmeter
The test panels and outer skin were of o 25 inch
Alclad aluminum alloy » This alloy is used extensively
in the fabrication of aircraft surfaces and was selected
for this reason. The two test panels constructed were
39o625 inches long, 29»500 inches wide and o 250 inches
thicko The total test surface area consisting of one
side of each test panel exposed to the flow was 16«235
square feeto The air gap between the test panel and the
outer skin was designed to be o 002 inches at the front
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with no displacement due to friction forces, o 010
inches top and bottom, and o 030 inches at the rear
to allow for rearward movement of the test panels
under the action of the drag forces* Test panels were
mounted flush with the outer skin See Figure 1B
The apparatus was designed for use with test panels
constructed of different materials; metal, plastic
,
glass, etc<> To this end, different methods of attach-
ing the securing clips and adjusting lugs were consider-
ed,. In order not to perforate the surfaces of the
test panels, cementing was selected,, Several commerical
cements were tested. It was found that Armstrong^ A=6
resin based cement with nA n activator displayed the
required qualities of high shear and tensile strength
coupled with good resistance to shock and vibration
effectSo
The outer skin was secured to the outer frame core
with countersunk bolts* This allowed small adjustments
of the clearance between the test panels and outer skin
Set screws (O 25 inch) with milled bearing surfaces
were placed in the outer skin to position the side play
roller bearings* See Figure 10 o
The strain gages were wired as shown in Figure 2 C
Construction details for the springs are given in
Figure 3» The strain gage springs were installed so
that the pressure edge of the smaller gage contacted
the pressure surface attached to the inner core* The
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larger strain gage spring was installed with the pressure
edge OoOlO inch to the rear of that of the smaller,. As
the inner core was forced back by the action of skin
friction on the test panels it first displaced the smaller
spring this amount and then contacted the larger spring,
By this means greater sensitivity was achieved in the
lower range of the force measuring circuit and at the
same time the range was extendedo See Appendix A for
method of calculating dimensions of strain gage springs
An ogive leading edge, Figure 4, was attached to
the front part of the test apparatus,, This was construct-
ed of wood. The surface was first varnished, then sanded
and finally waxed to a high degree of surface smoothness
„
Pressure tubes, 0„0625 I«D. were arrayed around the
test panel in the air gaps between it and the frame,,
These were placed in the slots milled into the outer
frame core, Figure 1„ The pressure from the pressure
tubes was carried to the manometer banko These pressure
taps were used to measure the static pressure in the
air gap around and between the test panels and the outer
skin„
The frame consisting of the outer frame core with
outer skin, together with the moving element consisting
of the inner core with test panels attached was mounted
in the University of Minnesota, 3$ inch by 50 inch low
speed wind tunnel, Figure 1B„ This tunnel is subject to
excessive vibration, particularly in the high speed
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range„ The mounting attachments used consisted of four,
2 inch angle irons bolted to the tunnel walls and outer
frame o It was necessary to use rubber shock washers
between the tunnel walls and the angle irons and be-
tween the angle irons and the frame in order to elimi-
nate excessive vibration of the apparatus,, Because of
the small tolerances between the moving element and
the frame, this requirement was of utmost importance;
and in fact limited the upper range of tunnel speeds





A single U - tube alcohol manometer was used to
determine the velocity of flow within the tunnel. One
lead was manifolded to four static pressure taps, one
in each wall of the stagnation chamber of the tunnel,
the other lead was manifolded to four static pressure
taps, one in each wall of the tunnel just ahead of the
test section. Static pressure within the tunnel was
measured by tapping off from the test section side of
the U - tube manometer and connecting this lead to one
of the tubes of the manometer bank.
A dry bulb thermometer was fastened into the wall
of the tunnel just aft of the test section. During the
course of each run a wet bulb thermometer was inserted
into the pressure equalizing slots of the tunnel.
The above instruments, together with a standard
mercury barometer enabled the flow conditions within the
tunnel to be determined.
Test Apparatus
The friction forces acting on the test panels were
determined by reading the K-box scale with the galvanometer
point at zero. These forces deflected cantilevered spring
bars on which strain gages were mounted. Variation of
the resistance within the strain gages were caused by
the deflection of the bars.
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A pressure difference correction to the indicated
strain gage reading was obtained by an approximate in-
tegration of the static pressure forces over the area
of the leading and trailing edge of the moving element
„
Static pressure taps opening into the air gap between
the moving element and the frame were connected to a
bank of manometer tubes containing alcoholo The six
pressure taps in the leading edge air gap were manifolded
together and connected to one tube of the manometer banko
The six pressure taps at the rear edge air gap were
manifolded together and connected to another manometer
tube. The difference in pressure in leading edge and
trailing edge gap multiplied by the edge area of the
moving part of the apparatus gave the force to be applied
as a correction to the strain gage reading.
General
The instrumentation required for drag measurement
by this method was simple in form and required few
components,, The data acquired was easy to reduce,. This




CALIBRATION OF THE EQUIPMENT
Wind Tunne
1
A preliminary survey of the wind tunnel with the
test apparatus installed revealed that the velocity with-
in the test section was very nearly uniform outside the
area of influence of wall boundary layer. It increased
slightly, less than 1,0$, from front to rear of the test
section,, This was attributed to boundary layer build up
with consequent reduction of effective area of the cross
section* The test section velocity as determined by the
preliminary calibration was somewhat greater than that
indicated on the U-tube tunnel manometer,, An average
dynamic pressure, nine percent greater than indicated,
was used in the computations* Maximum variation from
this average throughout the test section was less than
one-half of one percent.
Strain Gages
The strain gages were calibrated with the tunnel
motor running at zero pitch,, Light twine was attached
to the surface of each test panel and led back over a
low friction pulley, Figure 16. Weights in two ounce
increments were added up to a total weight of ten pounds,,
The weights were then taken off incrementally and the
procedure repeated . K-box readings were taken for each
weight. The maximum spread in the four K-box readings
taken from any given weight was two scale units. Since
the K-box scale could be read within an accuracy of one
unit, an average of each set of four readings was taken
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to the nearest unito
A strain gage calibration curve was plotted with
K-box readings along the abscissa and force units on
the ordinate, Figure 6„ This curve is linear up to a
force of about 7«6 pounds, at which point a break occurs.
The break marks the point at which the second strain gage
spring first makes contact with the pressure surface.
Although the strain gages were wired to compensate
for thermal drift, it was found that it did occur Be-
cause of this, it was necessary to calibrate them at a
certain temperature (100°F) during the testing,,
Pressure Taps
The apparatus was originally designed to have an
individual manometer for each pressure tap located in the
air gap. This called for 20 manometer tubes, with the
twelve attached to the leading edge and trailing edge of
primary interest „ Due to the difficulty encountered
with thermal drift, it was necessary to make short runs.
For a short run of twenty seconds or less the reading
and recording of the pressures in each of the twelve
tubes of interest proved impossible and unnecessary,,
To rectify this situation, the six pressure taps in the
leading edge air gap were manifolded together and led to
one manometer tube. The six in the trailing edge were
treated in the same manner,.
Runs were made for each surface tested in which the
manifolded pressure tap reading was compared with the
average of the individual pressure tap readings » It
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was found that, despite the flow existing within the
manifold, a very close average pressure was indicated
on the single manometer. The calculated average pressure
was found to be closer to the manifold average than it
was possible to read on the manometer tubes*, A curve
of force vs Ah is given in Figure 6A„ This force,
which consists of the difference of manifold pressures
acting on the trailing and leading edge areas of the
moving element, is applied as a connection to the drag




The experimental program consisted of eight test
runs involving four differing surface conditions of
the test panels. The degree of turbulence existing in
the free stream of the tunnel was not known; but assumed
high. In order to insure a high degree of turbulence
over the test surfaces, trip wires 0.062$ inches in
diameter were secured to the frame two inches in front
of the leading edge of the test panels for one run of
each surface condition.
Surface Condition
Run I - Alclad aluminum surface, as
received from the manufacturer.
No attempt was made to clean
surface hand prints, atmos-
pheric dust particles. Small
abrasions were present on the
surface.
Run IA - Same as Run I, trip wires
attached.
Run II - Crocus cloth, rotten stone and
jewelers rouge were applied
successively to the surface of
Run I. The resultant surface
was mirrorlike in appearance




Run IIA - Same as Run II, trip -wires
attached.
Run III - Wing wax sprayed on surface
of Run II then rubbed down
with flannel clotho
Run IIIA - Same as Run III, trip wires
attached,.
Run IV - Two inch strips of crepe
masking tape were attached to
cover the test panels,, These
were applied in horizontal
strips running from the back
of one test panel forward
across the ogive leading edge
and back to the rear of the
other test panelo Strips were
applied so that no visible
breaks or overlaps occurred
between them„ The leading edge
airgap was restored by cutting
through the masking tape at the
leading edge of each test panelo
This procedure maintained the
flush surface across the air-
gap c The crest to trough verti-
cal distance of the irregularly




Run IVA - Same as IV, trip wire
attached*
The operational procedure for each test consisted
of first establishing the temperature of the strain gage
system at the calibration temperature. This was accom-
plished by running the tunnel to increase temperature,
or by blowing cooling air on the surface of the test
apparatus to decrease temperature. One degree of temp-
erature change corresponded to a change of approximately
1 scale unit on the K-box.
After the calibration temperature was reached, the
strain gage calibration weights were used to check readr-
ings obtained with the calibration curve. Throughout
the series of runs made, no detectable change from the
original calibration curve occurred.
For each run, the tunnel was initially brought up
to 4o&7 inches of alcohol, approximately #5 mph, on
the U-tube manometer. The galvanometer needle of the
K-box was zeroed and the scale read and recorded.
Static pressure of the tunnel, and manifolded pressure
at the leading and trailing edge of the test panels
was read and recorded. Wet and dry bulb temperature of
the tunnel, together with barometric reading completed
the data taking. The same procedure was followed with
the reading of the U-tube manometer at 10»#7 inches and
16. $7 inches of alcohol, corresponding to 140 mph and
174 mph respectively. The tunnel was then shut down and
the zero of the K-box checked for temperature drift.
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It was found that if the run could be completed in less
than one minute, no thermal drift of the strain gage
system was detectable. Throughout all runs the ohmmeter
was observed in order to detect any contact of the test
panels with the outer skin.
The data thus obtained was reduced by the procedure
of Appendix B, sample calculation.
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ESTIMATED ACCURACY OF MEASUREMENT
All manometer readings could be read within + 0.05
inches of alcohol. Temperatures were read within 1°
of the scale value,. The K-box scale could be read to
within + 1 unit. For the strain gages and springs used
s
this corresponds to +0.05 pounds force on the springs,.
The assumption that the average pressure within
the air gap at the leading and trailing edge of the test
panels was the arithmetic mean of the six individual
pressures, was, no doubt, not precisely true« The mag-
nitude of the force calculated by using the average
pressure was small in proportion to the total force on
the test panels. A small error in the value of this
force, therefore, would not appreciably effect the
percentage accuracy of the net force measurement.
The possibility of human error in recording observed
data is always present. In analyzing the data obtained,
the conclusion was reached that data was erroneously




The purpose of this investigation was to construct
an apparatus that would measure skin friction directly.,
to test the apparatus, and to measure effects of surface
roughness under varying flow conditions,.
The results of each test run made are plotted in
non-dimensional form on Figures 7 through 10. Figure 11
is a composite of the preceeding four figures. The
theoretical laminar and turbulent friction curves of
Elasius and von Karman for flow along a smooth, flat
plate are shown for comparison with the curves obtained
by using the test apparatus,,
The experimental curves obtained nowhere approach
the laminar flow theoretical curve of Blasius. From
this, it was concluded that at no time during the test-
ing was full laminar flow obtained on the test panels.
This was attributed to turbulence within the wind tunnel.
Boundary layer theory predicts laminar flow in the
boundary layer of a smooth flat plate until some critical
value of Reynolds' number is reached. For a given
plate and fixed flow condition this implies that the
flow is laminar for some distance along the plate until
the critical value is reached, at which location trans-
ition from laminar to turbulent flow occurs. The critical
value is influenced by plate roughness and turbulence
present in the free stream. For a given surface, in-
creasing the velocity of the free stream with other
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pararaeters remaining the same causes the transition
region to move upstream,.
Throughout the course of experimental friction
drag determination, the results obtained point to an
early transition of the boundary layer on the flat
plate. It may be noted on the curves, Figure 7 through
10, that they lie between the laminar and turbulent
flow curves in the transitional range and are consider-
ably closer to the turbulent flow region. Addition of
the trip wires increased the initial turbulence and
thereby caused an earlier transition of the flow. This
is indicated by the increase in drag* As Reynolds'
number was increased by varying the velocity, the incre-
ment of drag associated with use of trip wires became
smaller,,
The effect of surface finish of the test panels
on drag was found to be pronounced during the course of
the investigation o Every effort was made to keep all
parameters affecting the drag constant with the exception
of the surface finish of the test panels and the presence
or absence of the trip wire.
The first run made, manufacturers finish without
trip wire, was not in close agreement with the results
of the other runs. The drag obtained at the two higher
Reynolds' numbers appears low in comparison. This dis-
crepancy is believed due to erroneous reading or recording
of the data. A divergence exists between this curve and
its associated curve with trip wire.
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Run IV and IVA were made with the ogive and frame
covered with the crepe masking tape,. The turbulence
which this surface apparently caused was not materially
affected by the addition of the trip wire,.
The drag rise above that of polished plate obtained
by spraying with wing wax was attributed to the dimpling
effect of the droplets on drying „ The flannel cloth
used to polish this surface was soft, and while giving
a high luster to the surface did not make it smootho
The dimpling due to wax droplets was of such small mag-
nitude that it could not be detected by the sense of
touch.
The drag force in lbs for the three velocities
used in each of the test runs, varied from about 1 15 lbs,
at the lowest speed of Run II, (polished surface) to
about 4«70 lbs„ at the highest speed of Run IV, (crepe
surface)
.
Testing of the apparatus at low speeds, about 20 mph
showed that different drag forces could be measuredo The
percentage error, inherent in the system was at its
greatest in this region, however
»
Because of the thermal drift mentioned previously,
it was necessary to restrict the number of readings





From the foregoing results, it is concluded that?
(1) The apparatus is capable of measuring skin friction
forces in large plates with a high degree of
accuracy©
(2) Skin friction increases with surface roughness in-
crease of very small magnitude.
(3) The term naerodynamically smooth" when defined as
"smooth to the sense of touch" is a misnotoer
„
(4) The degree of turbulence of the approaching air
stream is an important factor in determining the
amount of skin friction drag experienced by a smooth
flat surface at the lower Reynolds * numbers,
(5) In an already turbulent flow, a small increase of
turbulence does not appreciably increase the skin
friction of a flat plate*
The following suggestions for future investigations
using this apparatus are submitted:
(1) Use of test panels with surfaces composed of material
differing in texture from the aluminum used in
these experiments.
(2} A more complete study of the Reynolds' number range
available in the University of Minnesota f s 3& inch
by 50 inch low speed wind tunnelo It is suggested
that at the lower speeds transitional curves




(3) A more sensitive device than the K-box used, be
placed in the force sensing system,. The galvano-
meter needle (zero reader) of the K-box could be
read with an accuracy approximately five times
that of the K-box scale,.
Practical Recommendations:
(1) For an airplane operating in this range of velocities
and Reynolds 1 number a manufacturers finish on
aluminum sheet is close to the optimum aerodynamic
smoothness obtainable if the surface is buffed free
of protrusions,. Further waxing, polishing, etc
does not justify the efforts and may even increase
the drag.
(2) Since further routine testing of different finishes
will be made in this tunnel with this apparatus, it
would be advisable to attach those results as




Strain Gage Spring Calculation
In constructing the strain gage springs, it was
decided to use two springs fabricated of steel and
mounted as cantilevers . The requirement that the
small air gap around the periphery of the test panels
be maintained at the front and rear restricted the per-
missible deflection of these springs under load, i.e.
restricted movement of the test panels to the rear.
The springs were mounted so that for small friction
drag forces, only the smaller strain gage spring would
be deflectedo At a load of 8 lbs* the other spring
was designed to become engaged and commence deflectingo
It was assumed that during the course of testing
substantial loads might be encountered. For this reason
the strain gages were designed to take a combined maxi-
mum load of forty eight lbs. The mounting used placed
the smaller gage 0.01 inches ahead of the larger gage.
The designed maximum deflection of the smaller gage was
0.03 inches at which time the load it would carry would
be 24 lbs. The larger gage was designed to deflect 0.02
inches with an equal load of 24 lbs. This condition
of loading required the deflection of the smaller gage




The strain gages were capable of being read
accurately within a stress limit of 20 lbs/sq„ in,
for stress of 700 lbs/in with a one lb, load the
percentage error was less than 3%
SPECIFICATIONS:
Modulus of elasticity - E = 2&<,5 x 10 rt
Maximum stress - <7~ 50,000 lbs/sq in
max
Stress condition - O* = 700 lbs/sqoino on
smaller spring with 1 lb» load
Load - F = to 24 lbs n
Maximum deflection - Omax = o 03 in °
Length - L = 4<>00 in„
Width throughout - b = o 375 in Q
Thickness at Strain Gage - t]_ = To be solved for
Thickness at ends - tp = To be solved for
1x2x6






ti = ( 12 \ = o o 214 in,\Oo275 x 700 /
The deflection equation gives the solution for t 2
of the smaller spring where the deflection is to be













where Ip = 2
12
Solving for t„s
t = 0o442 in,
The values of t-. and t 2 for the larger spring
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tl / , - 0.245 in,(large)





SAMPLE CALCULATION OF SKIN FRICTION
COEFFICIENT AND REYNOLDS 1 NUMBER
The data obtained and recorded for each run was the
following:
Px. - corrected tunnel pressure
P - atmospheric pressure, inches of mercury
h - inches of alcohol, tunnel speed U-tube manometer
£ h - inches of alcohol, manifolded pressure difference
between front and rear air gap
A P-t - inches of alcohol, difference between test section
static pressure and atmospheric pressure
T~ - Dry bulb temp in tunnel, degrees Fahrenheit
Tm - Wet bulb temp» in tunnel, degrees Fahrenheit
K - K-box scale reading
Conversion and correction factors used in the computations
were:
1 in. alcohol = 0.05&5 in. mercury
1 in. alcohol = 4<>14 lbs/sq. ft»
hact = 1.09 h, tunnel speed U-tube manometer
KL = 3-059 x 10-3 J?— (Form of Sutherlands
T + 114
viscosity formula)





The following table gives the sample data taken




a h Ah APt TD Tw K
"hg. nalc. nalc. "ale °F °F Scale
Units
29.30 10.37 0.20 0„70 101 Si 1196
Reynolds* number determination
R = f VL
^ determined from air density tables, entering with
corrected tunnel pressure, and wet and dry bulb tempo
Pt - pa + APt
Pt - 29.30 + 0.70 (Oo05S5)
Pt = 29.34 in. hg.
From tables:
f = 0.002135 slugs/cu.ft.

-33-
V determined by using
i
v
-(?) where q = l o 09 x 4.14 x h
=
/2 x 1.09 x 4.14 x 10.375 \ 5
\ 0.002135 '
V = 205 ft/sec
The length, L, used in determining Reynolds*
number was the distance from the leading edge of the
ogive to the rear edge of the test panels
L = 3.94 ft.
The coefficient of viscosity by the form of Suther-
lands formula used was found to be:
M = 3.059 x 10-a (56o)3/2
674
>U = 5.9^ x 10-7 lbs. -sec.
sq. fto
With these values
r = .002135 x 205 x 3.94
5.9S x 10-7
R « 2. $9 x 106
Coefficient of Drag Determination
D = qSCp + A Ah where S is test section panel area,
16.235 sq.ft. and A is area (.205 sq.ft.) of
edge of . moving element

-34-
D = (1.09 x 4.14 x h) x S CD + .205 x 4. 14 A h
From strain gage calibration curve, entering with
K equal 1196
D = 2.3 lbs.
Rewriting the equation to solve for C^
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(a) Inner Core of Test Apparatus.
lb) Outer Gore of Test /
Fig. i

(a) Test Panel Inner Face with Securing and
Adjusting Attachments.
lb) Securing and Adjusting Attachments
Pi^. x

(a) Strain Gage Springs, Attached.










juter Frame Gore Mounted in






Complete Test Apparatus counted















Study of optimum gains in
skin friction coefficient in
turbulent and laminar flow for
different qualities of aircraft
finishes and design and
construction of test apparatus.

